nterior cruciate ligament (ACL) injury is a common knee injury sustained by athletes. 6, 31, 46, 60, 83 Patients seeking return to activity commonly undergo anterior cruciate ligament reconstruction (ACLR) to re-establish mechanical knee stability. 18 The impact of ACL injury includes time away from activity; lifelong financial, socioeconomic, and emotional burdens; psychological stress; disability; and the development of osteoarthritis. 1, 6, [10][11] [12] 40, 57, 83 The risk of a second ACL injury (either ACL graft failure or a contralateral ACL injury) is a significant concern for those who return to sport. 23, [33] [34] [35] [36] 39, 51, 66, 67, 69, 83 The incidence of second ACL injury ranges from 3% to 37% and depends on such factors as age, physical demands of the sport, and competition level. 23, [33] [34] [35] [36] 39, 51, 66, 67, 69, 83 Wiggins et al 83 determined that second ACL injury incidence is 23% in individuals younger than 25 years of age; however, they did not require studies to use objective return-to-sport (RTS) criteria.
The risk of a second ACL injury (either ACL graft failure or a contralateral ACL injury) is a significant concern for those who return to sport. 23, [33] [34] [35] [36] 39, 51, 66, 67, 69, 83 The incidence of second ACL injury ranges from 3% to 37% and depends on such factors as age, physical demands of the sport, and competition level. 23, [33] [34] [35] [36] 39, 51, 66, 67, 69, 83 Wiggins et al 83 determined that second ACL injury incidence is 23% in individuals younger than 25 years of age; however, they did not require studies to use objective return-to-sport (RTS) criteria. 83 Patients younger than 20 years of age have a second ACL injury incidence of approximately 1 in 3, 14, 42, 81 with ACL graft reinjury and native contralateral ACL injuries showing similar incidences. 83 A second ACL injury tends to occur within the first 6 months to 2 years following return to sport. 23, 35, 37 Available literature demonstrates that there are deficits in strength, landing kinematics, proprioception, psychological readiness, and perception of knee function that persist at 2 years following ACLR U U BACKGROUND: There is no consensus on the components of return-to-sport (RTS) testing following anterior cruciate ligament (ACL) reconstruction or whether passing RTS criteria can reduce a patient's risk of reinjury.
U U OBJECTIVES:
To determine whether impartial, criteria-based RTS decisions are associated with less risk of a second ACL injury (either graft failure or contralateral ACL injury).
U U METHODS:
In this systematic review with metaanalysis, the authors conducted an electronic literature search in PubMed/MEDLINE, Embase, CINAHL, SPORTDiscus, and ProQuest Dissertations and Theses Global using database-specific vocabulary related to ACL reconstruction and return to sport. Individual study quality was assessed using the modified Downs and Black checklist, and overall quality of evidence was determined with the Grading of Recommendations Assessment, Development and Evaluation scale. Pooled risk difference (passed versus failed RTS criteria), injury incidence proportion, and the diagnostic accuracy of each RTS criterion were calculated.
U U RESULTS:
Four studies met the selection criteria. Overall, 42.7% (95% confidence interval [CI] : 18%, 69%) of patients passed RTS criteria, and 14.4% (95% CI: 8%, 21%) of those who passed experienced a second ACL injury (graft rupture or contralateral ACL injury). There was a nonsignificant 3% reduced risk of a second ACL injury after passing RTS criteria (risk difference, -3%; 95% CI: -16%, 10%; I 2 = 74%, P = .610). The evidence rating of the Grading of Recommendations Assessment, Development and Evaluation scale was "very low quality," due to imprecision and heterogeneity of the pooled risk difference estimate.
U U CONCLUSION: Passing RTS criteria did not
show a statistically significant association with risk of a second ACL injury. The quality-of-evidence rating prevents a definitive conclusion on this question and indicates an opportunity for future research.
[ research report ] and may continue for up to 20 years after surgery. 5, 31, 38, 46, 52, 54, 55, [61] [62] [63] [64] 72, 73, 77 Psychological readiness and perception of knee function have garnered increasing attention as potentially vital components when determining readiness to return to sport. 2, 3, 13, 53, 57, 79 Visual motor processing compensations and central nervous system connectivity alterations following ACL injury may predispose patients to abnormal biomechanics and increase ACL injury risk. 15, 24, 25 Successful RTS criteria should reduce the risk of a second ACL injury. However, despite substantial research, 16, 23, 33, 35, 46, 69, 74, 78 there is contradictory evidence associating RTS criteria and safe return to sport. 13 Conflicting evidence for the RTS timeline 16, 46, 68 and optimal decision metrics 23, 35, 69, 76, 80, 82 confound this issue. In 2011, Barber-Westin and Noyes 9 reported the prevalence of RTS objective-measure utilization in published ACLR outcome studies. Although objective functional assessments had been reported, there were no studies investigating the association of these assessments with reinjury.
9 Additional studies to assess whether resolving lower-limb functional deficits is effective in reducing ACL reinjury were recommended. 9 Investigators further advocated multifactorial RTS criteria, with study of the validity of these criteria to identify safe return to sport. 13, 83 The current review sought to determine the utility of RTS decisions based on objective criteria and to aggregate the data from studies that resulted in decisions to release patients to unrestricted activity based on their performance during objective RTS testing. The primary purpose of this systematic review was to assess whether objective criteria-based RTS decisions are successful in reducing the risk of a second ACL injury. Additional aims were to (1) report and categorize the criteria used for RTS testing, (2) report passing cutoff scores, (3) determine pass/fail incidence, (4) identify ACL graft and native contralateral ACL injury incidences, and (5) assess the diagnostic accuracy of each RTS criterion. The authors hypothesized that successfully meeting RTS criteria would result in decreased risk of a second ACL injury, with the goal that further understanding RTS criteria and associated second ACL injury risk might assist clinicians in determining factors to use in RTS testing to decrease subsequent ACL injuries.
METHODS

Protocol
T
he present review and metaanalysis followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 41, 71 The PRISMA statement includes a 27-item checklist that is designed for reporting systematic reviews of randomized trials, 41 but the checklist can also be applied to multiple forms of research methodologies. 71 A MeaSurement Tool to Assess systematic Reviews, version 2 (AMSTAR 2) was used to critically appraise this review.
65
Literature Search
A medical librarian was consulted to perform a computer-assisted literature search in the PubMed/MEDLINE, CI-NAHL, Embase, SPORTDiscus, and ProQuest Dissertations and Theses Global databases from inception to March 2018, using database-specific vocabulary and key words related to ACLR and return to sport. The search strategies for all databases are listed in APPENDIX A (available at www.jospt.org).
Selection Criteria
To be included, studies were required to (1) involve patients recovering from ACLR with any graft type (may have concomitant meniscus lesion and/or medial collateral ligament lesion), (2) include patients who were between the ages of 10 and 50 years, (3) use clearly defined objective criteria to make the RTS decision, (4) determine and report the number of patients who passed versus failed RTS criteria, (5) track patients for subsequent ACL injury following return to sport, and (6) be written in English. A study was excluded when (1) the patients' average age was 9 years or younger or 51 years or older; (2) patients had posterior cruciate ligament, lateral collateral ligament, or bilateral ACL injury; (3) patients had nonsurgical treatment of ACL injury; (4) data were not reported between 6 months and 10 years post surgery; (5) it was a systematic review, meta-analysis, clinical commentary, or abstract; and (6) it was not written in English.
Titles and abstracts were independently screened by 2 authors. Full-text studies were retrieved if the abstract provided insufficient information to establish eligibility or if the study passed initial eligibility screening. Disagreements were resolved by a third author.
Data Extraction
Two authors independently extracted data using identical customized templates. A third author verified data collection prior to statistical analysis. Discrepancies were resolved by consensus between the 2 initial authors. If further data clarification was required, contact with the corresponding author(s) was attempted. The population size, sex, age, and ACLR characteristics were recorded from each study.
Regardless of surgical procedure used, patients were dichotomized into either hamstring graft or bone-patellar tendonbone graft, as these were the only 2 graft types used in included studies. All grafts were autografts unless otherwise stated. The researchers further extracted the following information: RTS criteria, ipsilateral ACL injury incidence, contralateral ACL injury incidence, total second ACL injury incidence, pass/fail incidence, and second ACL injury incidence for those who did and did not pass RTS criteria.
Assessment of Study Quality and Overall Strength of the Evidence
The Oxford Centre for Evidence-Based Medicine Levels of Evidence tool was used to assess the level of evidence for each study based on research design. 30 Study quality assessment was performed by utilizing the modified Downs and Black 17 scale, which has been shown to be a reliable assessment for case-control and cohort studies. The highest total score for the modified version is 16, with a stratified score ranking of 12 or greater as high quality, of 10 to 11 as moderate quality, and of 9 or less as low quality. 43, 44 Strength of the evidence included in this review was determined using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) scale, which shows the overall certainty of the evidence for the outcome being reviewed (APPENDIX B, available at www.jospt.org).
7, 59 The GRADE scale assesses 5 factors concerning risk of bias, inconsistency (calculated heterogeneity), indirectness (evidence addresses review question), imprecision (width of confidence intervals [CIs]), and publication bias. 59 These factors lead to a reported score of high, moderate, low, or very low quality. 59 The GRADE scale was applied to assess the evidence regarding the association between passing RTS criteria and risk of a second ACL injury. Two authors independently reviewed and scored each study, with disagreements settled through discussion and consensus.
Statistical Analysis
Studies were statistically pooled when 2 or more studies examined the same index test. Data from each study were extracted and dichotomized into categorical variables of "pass" for those who successfully met RTS criteria and returned to sport and "fail" for those who did not successfully meet RTS criteria and return to sport. For the purpose of this review, return to sport was defined as the clearance of a patient for full participation in that patient's defined sport or activity without restrictions (training and competition). 4 A random-effects proportion metaanalysis (weighted for individual study size) using StatsDirect (StatsDirect Ltd, Cambridge, UK) was conducted to determine the following incidence proportions at the 95% CI: overall second ACL injury, patients who passed RTS testing, patients who failed RTS testing, overall second ACL injury (passed RTS criteria versus failed RTS criteria), ACL graft injury, and contralateral ACL injury. Censoring over time was not performed due to lack of standardization of assessment time points across studies.
Risk difference (RD) of a second ACL injury (combined graft and native contralateral ACL) based on "pass" and "fail" status was determined using a randomeffects RD meta-analysis. 22 The RD provides an absolute measure of association between the 2 exposure groups (passed versus failed RTS testing) and determines the difference in total amount of injuries sustained between exposure groups, expressed as a percentage. 48 Failing RTS criteria was labeled the "exposed group" and passing RTS criteria was labeled the "unexposed group"; thus, the calculation was RD = cumulative incidence of second ACL injury failed -cumulative incidence of second ACL injury passed .
Anterior cruciate ligament graft injury RD and native contralateral ACL injury RD based on "pass" and "fail" status were similarly calculated. The above calculation determines the association of failing RTS criteria and second ACL injury; the association of passing RTS criteria and second ACL injury is the inverse. Pooled estimates at the 95% CI were summarized in forest plots. Statistical analysis and figures were processed and created using Review Manager Version 5.3 (The Nordic Cochrane Centre, Copenhagen, Denmark).
Statistical heterogeneity was determined for all RD calculations to assess variation across studies and as a component of the GRADE scale. 59 Chi-square (test for heterogeneity), tau-square (between-study variance in random-effects meta-analysis), and the I 2 statistic (percentage of variation across studies due to heterogeneity rather than chance) were calculated at the 95% CI. The categorization to rate the level of heterogeneity was the following: I 2 = 0%, no heterogeneity; I 2 = 1% to 25%, low heterogeneity, not important; I 2 = 26% to 50%, moderate heterogeneity; I 2 = 51% to 75%, high heterogeneity, substantial; I 2 = 76% to 100%, considerable heterogeneity. 29, 58 Diagnostic accuracy for each RTS criterion was determined using a 2-by-2 diagnostic test table with 95% CIs, with report of second ACL injury as the reference standard (StatsDirect Ltd). Positive and negative test results, as well as the definitions of true positive, true negative, false positive, and false negative used in the analysis, are reported in TABLE 1. Test sensitivity, specificity, likelihood ratios (positive and negative), and the diagnostic odds ratio (DOR) were calculated. Sensitivity refers to the probability that the result of RTS testing will be positive when the outcome (second ACL injury) occurs. Specificity is the probability that the RTS testing result will be negative when the outcome does not occur. The likelihood ratio statistic reflects changes in posttest probability based on test outcome. The DOR determines the ratio of the odds of a second ACL injury in positive tests relative to the odds of a second ACL injury in negative tests. 20 Values 
RESULTS
Study Selection
T he literature search identified 2036 potentially eligible titles. Fulltext review of 131 studies was performed, with 4 studies (549 patients) meeting inclusion criteria for this review (FIGURE 1). 23, 35, 47, 69 Two corresponding authors were contacted for further clarification regarding ACL injuries, based on pass/fail status, and clarification was received from both authors. Narrative summaries of each included study can be found in APPENDIX C (available at www.jospt.org).
Level of Evidence, Study Quality, GRADE, and AMSTAR 2
Three studies were rated 2B (cohort studies) 23, 35, 47 and 1 was rated 3B (case-control study) 69 (TABLE 2) . There were no disagreements between the authors on study-level rating. All 4 studies were rated 12/16 or greater (high individual study quality), with moderate agreement between reviewers (κ = 0.54 ± 0.13) (TABLE 2) . 23, 35, 47, 69 Full modified Downs and Black 17 scoring is provided in APPENDIX D (available at www.jospt.org). The GRADE scale determined that the quality of evidence for the association of passing RTS criteria with overall second ACL injury risk is "very low quality," due to imprecision of the pooled RD estimate and substantial levels of heterogeneity (APPENDIX E, available at www.jospt.org). 59 This review met 11 of 16 criteria (69%), according to AMSTAR 2 (APPENDIX F, available at www.jospt.org). 65 The overall confidence in the results is considered moderate. 65 
Incidence Proportion Analysis
The incidence of passing and failing RTS criteria, ACL graft injury (pass versus fail), contralateral ACL injury (pass versus fail), and overall second ACL injury is presented in 
RTS Criteria
A comprehensive description of each study's RTS criteria and cutoff scores can be found in 
Diagnostic Accuracy
The diagnostic accuracy and positive likelihood ratio, negative likelihood ratio, and DOR values of each set of RTS criteria for prediction of a second ACL injury are presented in 
T
here is an urgent need to develop effective RTS criteria, given the significant risk of a second ACL injury following ACLR. 23, [33] [34] [35] [36] 39, 51, 66, 67, 69, 83 Previous literature has established the prevalence of RTS objective-measure utilization 9 and incidence of a second ACL injury, without consideration of RTS testing. 83 The purpose of this review was to examine the association of objective criteria-based RTS decisions with risk of a second ACL injury. The primary finding was a nonsignificant association between passing objective RTS criteria and the risk of a second ACL injury (RD, -3%; P = .610), an ACL graft injury (RD, -7%; P = .140), and a contralateral ACL injury (RD, 4%; P = .160).
The authors of this review elected to calculate the absolute risk of a second ACL injury (RD) compared to a relative measure of association (risk ratio), because absolute risk allows judgment on the clinical relevance of pooled estimates. 48 These results indicate the need for continued research to prospectively examine objective criteria-based RTS decisions. While not statistically significant, there was more risk of a contralateral ACL injury after passing RTS criteria (RD, 4%; P = .160). This potentially implies that RTS criteria and comparison metrics may not accurately assess contralateral-limb function and are poor indicators of contralateral ACL injury risk.
This review found higher incidence of ACL graft injury compared to contralateral ACL injury (7.2% versus 5.1%). The ACL graft injury incidence is similar to previously reported values 83 ; however, contralateral injury incidence was slightly lower. 83 Most concerning, this review determined that 12% (95% CI: 3%, 26%) of those who failed RTS testing suffered a graft injury, compared to 5.9% (95% CI: 2%, 11%) of patients who passed. Although not statistically significant, there may be a protective association between passing RTS criteria and ACL graft reinjury (RD, -7%; P = .140). It is plausible that additional research will demonstrate less risk of an ACL graft injury after passing RTS criteria.
The low number of studies meeting selection criteria and differences in source populations, ages, and competition 13/16 ‡ n = 100 (male, n = 46; female, n = 54) Age, 24.3 y; 4.8 mo from injury to surgery Norwegian arm of Delaware-Oslo cohort study Level 1 or 2 sport participation Handball, n = 30; football, n = 53; basketball, n = 6; floorball, n = 11 Level 2 sport, n = 17 Grafts: BPTB, n = 33; HS, n = 67 
Researchers have suggested that optimal cutoff scores (isokinetic strength and hop tests) should be 90% or greater to 100% on a limb symmetry index (LSI) for competitive athletes; however, no included study used a passing LSI of greater than 90%. 16, 76 This could have diminished test sensitivity and the DOR.
This review examined the difference in risk and the probability of a second ACL injury after passing all RTS criteria, but not the impact of partially meeting RTS criteria on second ACL injury risk. It may be valuable to further investigate how partially meeting RTS criteria (ie, passing 5 of 7 criteria or failing a specific test) may alter risk. Two included studies 23, 35 identified independent risk factors for an ACL graft injury (more symmetrical quadriceps strength and improved hamstring-to-quadriceps strength ratio).
Time from surgery to return to sport may be a key moderator of second ACL injury risk, based on evidence from 2 included studies. 23, 69 There is no consensus on the optimal timing of return to sport. Grindem et al 23 determined that for every month return to sport was delayed (up to 9 months), the incidence of any knee reinjury was reduced by 51%. Returning to sport at 6 months was shown to be an independent predictor of contralateral ACL injury. 69 Delayed return to sport was shown to be protective of second ACL injury in a pediatric population. 14 Patients in competitive sports who were allowed to self-select when to return to sport following ACLR chose to return to preinjury activity levels at approximately 8 months. 33 It has been proposed that biological healing, neuromuscular control, and proprioceptive and strength recovery require up to 2 years to normalize following ACLR. 46 The timeline of cortical dysfunction recovery following ACLR is unknown. 15 A window of highest incidence of second ACL injury, seen between 6 months and 2 years post ACLR, has been described, coinciding with the described healing phase. 37, 46 Time from surgery to return to sport is likely a surrogate measure of multiple variables, including increased time addressing strength and kinematic deficits, recovering proprioceptive loss, additional tissue healing, and overcoming any psychological or cortical impairments.
Unresolved ipsilateral deficits can place additional demands, potentially above the physiologic capacity, on the contralateral limb. This is a possible cause of the greater risk for a contralateral ACL injury found in this review. Time from surgery should be an important consideration in RTS decision making, based on available evidence. Returning to sport prior to 9 months following ACLR could be detrimental to the patient.
Twelve different RTS tests were reported in this review. The most common criterion (100%) was the single-leg hop test. 23, 35, 47, 69 Although single-leg hop LSI score was a key component in RTS testing, its ability to alter second ACL injury risk and predict future knee injury has not been established. 8, 9, 16, 21, 26, 76 Two included studies found that no hop test was predictive of a second ACL injury, even though passing LSI scores were in accordance with published recommendations. 23, 35, 69, 76 Recent evidence demonstrates that using percentage of body height as a normalized hop distance has some predictive validity. 53 These comparison metrics (LSI versus percent of body height) have not been directly compared to determine enhanced predictive ability. Additionally, quantitative measurement (distance and LSI) may not provide enough information to optimize test sensitivity.
Valgus loading 27, 28, 56 and altered postural stability 54, 56 during landing tasks have been shown to predict future injury. Adolescent athletes following ACLR met hop test symmetry by hopping a shorter distance on the contralateral limb and demonstrated lower knee energy absorption compared to controls. 84 Assessing kinematic variables during hop testing may be warranted for RTS testing based on limitations with current comparison metrics (LSI). 45 Validated clinical evaluations of jump-landing mechanics have been previously reported and may provide valuable information when making RTS decisions.
10, 16, 19, 21, 50 Concentric isokinetic quadriceps strength testing at 60°/s was the second most common RTS criterion (75%). 23, 35, 69 Cutoff scores differed across included studies. Passing scores have been variably reported in the literature (85%-100% on the LSI), likely contributing to observed differences. 16, 23, 35, 69, 76 Thomeé et al 77 determined that individuals 12 months post ACLR have significant difficulty achieving 90% or greater on the LSI for strength tests. Evidence suggests that patients may
TABLE 5
Diagnostic Accuracy of Return-to-Sport Criteria* have difficulty meeting higher LSI scores, even 2 years following ACLR. 16, 23, 46, 47, 76, 77 Nawasreh et al 47 measured isometric quadriceps strength and demonstrated that patients who did not meet RTS criteria (including a quadriceps index of 90% or greater) at 6 months following ACLR were not able to achieve the quadriceps index score at 12 or 24 months. Isokinetic LSI comparisons were shown to overestimate muscle function. 82 Wellsandt et al 82 described the estimated preinjury capacity statistic and found that only 28.6% of their cohort met a score of 90% of the estimated preinjury capacity at 6 months, versus 57.1% who scored 90% on the LSI. Further research is warranted to understand the utility of estimated preinjury capacity measurement in this population.
Abbreviations: DOR, diagnostic odds ratio; -LR, negative likelihood ratio; +LR, positive likelihood ratio. *Values are mean (95% confidence interval).
Study
It has been reported that persistent psychological impairments reduce the capability of an individual to successfully return to preinjury competition level. 5, 13 Two included studies (50%) used patient-reported outcome measures as part of their RTS criteria. 23, 47 Qualitative studies suggest that individuals following ACLR are most concerned with fear of reinjury. 5, 57, 79 Psychological measurements are advocated as essential aspects of a biopsychosocial approach to RTS decisions. 3, 5, 16, 38, 75, 78 The gold standard assessment tool and necessary "amount of confidence" are currently unknown. This is best highlighted by a recent study, 53 which determined that high knee confidence was included in a "high ACL reinjury risk" profile. Further research to identify the appropriate assessment tool and cutoff scores is warranted.
Limitations
This systematic review identified a limited number of studies (n = 4), reducing the total sample size and number of ACL injury events, which potentially impacted the ability to reach statistical significance in RD analyses. High levels of heterogeneity (I 2 = 74%), likely attributable to clinical diversity 22 between studies (demographics, competition levels, RTS criteria, RTS time frames), decreased the value of pooled estimates and might have affected the ability to reach statistical significance. Heterogeneity was considered during GRADE assessment, and the results of the meta-analysis were discussed in the context of the confidence of the pooled estimate. Meta-analysis was reported despite high levels of heterogeneity, due to lack of prospective review protocol registration and to eliminate concerns of reporting bias.
The variability of return to sport was reported in included studies (potential for reporting bias), none of which matched the 2016 consensus statement on RTS definition, 4 due to similar publication dates for 3 included studies. Further, the competition level of patients who returned to sport was not controlled for and could have significantly affected risk of reinjury. Follow-up times were also different among studies. Longer follow-up times after return to sport could result in increased exposures to higher-risk activities. Due to variation in reporting, this review did not establish a follow-up duration cut point to perform the analysis, possibly confounding the results by increasing the incidence of a second ACL injury. The risk of a second ACL injury was not determined based on graft type or sex due to inconsistent categorization of patients in the included studies.
CONCLUSION
T
his review demonstrated that current objective criteria-based RTS decisions did not show an association with the risk of a second ACL injury. This conclusion was based on a very low quality of evidence due to observed heterogeneity and imprecision between the included studies. This review cannot confidently conclude that there is no association between passing objective RTS criteria and risk of a second ACL injury. Studies included in this review demonstrated clinically important findings regarding RTS decisions that warrant attention. Additional high-quality stud- • A JOSPT subscriber: Email your request to jospt@jospt.org or call the JOSPT o ce toll-free at 1-877-766-3450 and provide your name and subscriber number.
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